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extracting the triple Higgs coupling will be discussed.
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1. Introduction

The Standard Model (SM) of particle physics which has beay saccessful in describing
the strong, weak and electromagnetic interactions is basethSU(3)c x SU(2). x U (1)y gauge
symmetry which is broken down to &v(3)c x U (1)em The mechanism of electroweak symmetry
breaking is implemented by a complex scalar field acquirimg@ium expectation value (VEV).
This field transforms as a doublet under ®8ld(2). Three of the four degrees of freedom of the
SU(2)-doublet become the longitudinal modes of the massive gaogens; one degree of freedom
is left and can be associated with the Higgs boson [1-3]. Tiggdisector of the SM is highly
restricted and the interactions of the Higgs boson to thmifers and gauge bosons are proportional
to their masses. The only free parameter of the Higgs sextbeiHiggs boson mass. The Higgs
boson has another very important feature: It unitarizestia¢tering of longitudinal gauge bosons
and therefore plays the role of an UV-moderator.

However, the simple description of the electroweak symynieteaking (EWSB) in the SM
which only introduces a single fundamental scalar field t&agroblems. As the Higgs boson mass
is not protected by any symmetry, the Higgs mass suffers famiative instabilities. The Higgs
mass is quadratically divergent in the cut-off scaleip to which the SM is assumed to be valid.
This makes fine-tuning necessary in order to ensure that thgsHnass is of the order of the
electroweak symmetry breaking scale.

In order to solve this problem several models beyond the SM baen discussed. One of the
maybe most established examples is supersymmetry [4]. Whpdsticles get superpartners with
spins that differ by a half from the corresponding SM partrigris leads to a cancellation of the
guadratic divergences.

Another alternative is that the Higgs boson is not a funddaaiacalar particle but a composite
scalar arising as a pseudo Nambu- Goldstone boson from argedlglobal symmetry [5]. There-
fore, the Higgs mass is protected by this symmetry from laegiative corrections. However,
since the global symmetry is only approximate, loops of Sihfens and gauge bosons generate
a Higgs potential nevertheless.

In such a class of models the Higgs to fermion couplings, tigg$ito gauge boson couplings
and the Higgs self-couplings are modified. This can be testéae LHC. Although such a deviation
from the SM couplings is no direct probe of the strong sedtaould give a first hint of the nature
of electroweak symmetry breaking.

In order to understand the origin of electroweak symmetgaking a precise measurement
of the Higgs potential is necessary. To achieve this the $iggif-couplings must be measured.
The prospects of measuring the trilinear Higgs coupling iniMal Composite Higgs models are
discussed in the following. More details can be found in FGif.

2. Minimal Composite Higgs models

For this talk we will concentrate on the Minimal Compositeé models of Refs. [7,8] which
are based on a 5d description in Anti-de-Sitter space tirher& exists an holographic description
in terms of a 4d strongly-coupled theory. In such an effechbw-energy description the effects of
the strongly-interacting sector can be described by aesinglv parametef which is defined as
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HVV | HHVV | HHH HHHH Hff
MCHMy | /1-& | 1-28 | \J1-& | (1-£&) | /1-¢&

_ 1- (1~ _
MCHMs | 1-¢ | 1-2¢ | L2 | B8 L2

Table 1: Modification factors of the MCHIM and MCHM; with respect to the SM for the Higgs to vector
boson couplingsHVV andHHVV) the Higgs self-couplingsH{HH andHHHH) and the coupling of one
Higgs boson to fermiongH{f f).

&= % wherev = 246 GeV is the electroweak symmetry breaking scale faigithe scale where
the breaking of the global symmetry occurs. The vadue O corresponds to the SM add= 1 is
the technicolor limit. In the Minimal Composite Higgs mosi¢he bulk symmetnsQ(5) x U (1)

is broken at a scalé to a subgroup5Q4) x U (1) on the IR boundary. On the UV brane the
global symmetry is broken down to the SM gauge group. In thdehof Ref. [7] (MCHM,) the
fermions are in the spinorial representation. They transfm the fundamental representation in
the MCHMs (model of Ref. [8])!

The Higgs self-couplings and the Higgs fermion couplingpaihel on the representation of
the SM fermions whereas the Higgs gauge boson couplingsxdepéndent of it. In Table 1 the
modification factors of these couplings can be found.

For& = 0.5 in the MCHM; the couplings of the Higgs boson to fermions of the SM vangh a
well as the triple Higgs coupling. This means that we havemifsphobic scenario fof = 0.5.2
In both models the two Higgs bosons to two vector boson cogglvanish fo€ = 0.5.

A new coupling which plays an important role for Higgs paioghction is the coupling of
two Higgs bosons to two fermions. It is given by

MCHMy : HHff: EE;
_ m (2.1)
MCHMs : HHff: 48

Note that this coupling vanishes in the SM lingit— O as expected.

The new parametef as well as the Higgs mass is restricted by direct searcheglhaswy
electroweak precision data. Due to the LEP data, masses tbhae 114 GeV can be excluded
for most values of but the exclusion bounds can be relaxed a bitéfdn the region around 0.5.
Tevatron excludes the mass region betweebb7-175 GeV for low values of. For the MCHM;
an additional region for large values &fbetween 150- 200 GeV is excluded. More details on this
can be found in Ref. [10]. Direct searches from ATLAS and CME] [mainly restrict the lowé
range similar to the SM constraints. For the MCklMome additional areas for high valueséof
are also excluded by LHC searches. Plots including theteeBoin December 2011 can be found

Lin the MCHM; the subgroup to which the bulk symmetry is broken is enlatgeshO(4) x U (1). This relaxes
constraints from th&b_ b, coupling.

2Despite the vanishing couplings the fermions still get asrsisce the direct coupling to the vacuum expectation
value is non-zero. This can be inferred from the Lagrangiaangin Ref. [9]. There are new kinetic terms for the Higgs
fields. In order to absorb them the Higgs field must be redefifidis means that there is a non-linear dependence on
the Higgs field in the Higgs doublet. This and additional sSmehsional operators lead to a redefinition of the VEV and
the Higgs, gauge boson and fermion masses.
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in [12]. More constraints come from tt&andT parameters. They impose that< 0.3. But this
bound can be relaxed if one assumes that there is a partie¢ltztion of the order of 50% with
contributions from other states.

3. Higgspair production at theLHC

The measurement of Higgs self-couplings is an difficult ypdrtant task since it enables the
reconstruction of the Higgs potential and hence gives d@ghhimto the mechanism of electroweak
symmetry breaking. For the SM it was found that the quartiggdicoupling cannot be measured at
either a high-luminosity LHC [13, 14] nor a high-energy Emeollider [14,15]. So in the following
we will concentrate on the measurement of the triple Higggtog which is accessible in Higgs
pair production.

At the LHC the most important process in the SM is Higgs pa@rdprction via gluon fu-
sion [16] followed byWW/ZZ fusion [17] and double Higgs-strahlung [18]. The corresjing
Feynman diagrams can be found in Fig. 1. Note that for thergfusion process there is a new
diagram originating from the new coupling of two Higgs bosdm two fermions.

gg double Higgs fusiongg— HH

S|

w/zZ w/z w/zZ
w/z
H\‘/ \\ H \\
q S H “H “H

Figure 1: Generic diagrams of the Higgs pair production processeseat HC in the composite Higgs
model: gg fusion, WW/ZZ fusion and double Higgs-strahlung.

In Fig. 2 the cross sections for the three processes for thelMifCas a function of the Higgs
boson mass for the SM and three characteristic valué€saain be found. The arrows in the plots
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indicate a change in the triple Higgs coupling from 50% to%%hd are hence an indicator for the
sensitivity on the triple Higgs coupling. In Fig. 3 the capending cross sections for the MCHM
are shown. For the gluon fusion process we included the QG aiions by multiplying with a
K-factor of ~ 2 [19]. For the MCHM, the cross section for the gluon fusion process is enhanced
for all values of§é compared to the SM. This is due to the diagram with the new loayplt is
not suppressed by an extra propagator as it is the case fdiageam involving the triple Higgs
coupling. Therefore, it plays an important role especifdlylarge values o where the coupling
strength increases. This implies that the sensitivity écttiple Higgs coupling becomes smaller not
only because the coupling itself becomes smaller with esirey & but also because the diagram
involving the triple Higgs coupling is overwhelmed by cabtttion from the new diagram. Also
the cross section for vector boson fusiancreases which is mainly due to interference effects. In
double Higgs-strahlung the cross section in the MCHMalways smaller than in the SM due to
decreasing coupling strength and destructive interferenc

In the MCHMs, the cross section for gluon fusion is even more enhancedéniban in the
MCHMy. On the one side this is due to the coupliddf f f which is a factor of 4 larger. On the
other hand also the other couplings are larger for largeegatiié than in the MCHM. Note that
there is no sensitivity at all on the triple Higgs coupling &l three processes f@r= 0.5 because
the triple Higgs coupling vanishes for this valueéof

In order to investigate the expected experimental seitgitiv a deviation in the triple Higgs
coupling the decays of the Higgs bosons must be taken intouatc We adopted the narrow-
width-approximation where the production cross sectiomustiplied by the branching ratios. In
Fig. 4 the branching ratios for the MCHjare displayed. Since in MCHMall couplings are
changed by the same factor compared to the SM the brancHing aae the same as in the SM. As
can be inferred from the figure, the Higgs boson dominanttags intobb until the gauge boson
threshold is reached. Abowé, ~ 140 GeV the dominant decay channeHis— W*W~ followed
byH — ZZ

In the MCHM;s the branching ratios depend én In Fig. 5 the branching ratios are given for
two typical Higgs boson masses as a functio§ oFor low Higgs boson masses the decays biito
dominate. Fo€=0.5 the fermionic branching ratios become zero, since tiplong of the Higgs
boson to the fermions vanishes. Also the branching ratib@ftiecay into two gluons mediated by
fermion loops becomes zero in this case. Therefore in themegyoundé = 0.5 the Higgs boson
decays mainly int&V "W . Also the decay intyyis enhanced which leads to a rather clear signal
in the Higgs boson searches. For a Higgs masd.pf= 180 GeV the decays in W~ dominate
followed by the ones intdZ. For very large values of, however, the fermionic branching ratios
become more important because the couplings to vector bdmmome smaller and the couplings
to fermions larger.

In order to investigate whether the triple Higgs coupling ba measured at the LHC we con-
centrate on the dominating process given by gluon fusiothdtiollowing it is assumed that EWSB

3Higgs pair production via vector boson fusion is quite andmgnt process since it is a direct probe of the strong
interaction due to its special high-energy behaviour. Agi$ pointed out by Refs. [9,20] due to the modified couplings
the amplitud& W — HH increases- £ swheresis the center-of-mass energy squared. This means that ingosite
Higgs boson cannot fully unitarize this process anymoretdits modified couplings compared to the SM Higgs boson.
Partial wave unitarity, however, can be restored by othermesonances of the strongly-interacting sector [21].
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Figure 2: Higgs pair production cross sections as a function of theysligoson mass in the SM & 0,
upper left) and MCHM with & = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right) réws indicate
the change in the cross section for a variatiod@fy from 0.5 to 1.5 times its value in the corresponding
model. Some arrows are rescaled as indicated by approfa@tes to make them visible.

is realized in the framework of a Minimal Composite Higgs relaahd that all other couplings have
been measuretl For Higgs mass values above the gauge boson threshold tiys Bigon decay-
ing intoWtW-W*W~ is the most interesting decay channel. For lower Higgs nsabsedecays
into 4 b-quarks give the largest number of signal events but theakigrtompletely overwhelmed
by the large QCD background. Better prospects for a measumeofi the triple Higgs coupling are
given by the decay channels bt 7~ andbt_)yy. For each Higgs mass we have determined the
value ofé where the Higgs pair production cross section with subssigdecay in the different
final states deviates by more than 1, 2, 3 orfom the corresponding process where the triple
Higgs coupling is set to zero. Denoting Bythe number of signal events for the process calcu-
lated in the composite Higgs model and3®)y,,,, the corresponding number where the triple Higgs
coupling is set to zero, there is sensitivity to a non-vanighriple Higgs coupling if

Shi—0 > S+av's or Shi—0 < S—av's witha=1,2,3,5.

For the MCHM, the sensitivity areas can be found in Fig. 6. Forbﬁpyfinal state a measurement
of the triple Higgs coupling with & is hopeless whereas for thbr+ 7~ final state for the low
Higgs mass range and thg"™W-W*W~ final state for large Higgs masses the prospects look
much better. For the MCHMIthe corresponding plots can be found in Fig. 7. Around théreg

4The value off can be measured with 20% precision [22].
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Figure3: Asin Fig. 2 but for MCHM;

200
M, [GeV]

Figure4: The branching ratios in the SM and MCHMs a function oM.

& = 0.5 there is no sensitivity at all to a non-vanishing triple gigcoupling because the triple
Higgs coupling vanishes for this value.

However, these sensitivity areas represent only the ides# where no background processes
and detector effects are taken into account. To really angwequestion whether the triple Higgs
coupling can be measured an extensive analysis has to becfloalso Ref. [23] for the SM.
But we can give a rough estimate on the outcome of such ansasal$o for example for the
WHW-WHW~ — (jjl Tv)(jjl Tv) final state the dominating background processes7dma?).
They have at least two strong interaction vertices. Thisnaehat there is no Higgs boson in an
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Figure5: The branching ratios in MCHMlas a function of for My = 120 GeV (left) andMy = 180 GeV
(right).
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Figure 6: Areas in theM, — & plane with sensitivity to a non-vanishing,yy in MCHM4 for the gluon
fusion process with subsequent decay. From dark blue to lilgie the regions correspondto 5, 3, 2g1
The final states are from left to rigbt_)yy, bbt* 7~ andWW-W*W~. The assumed integrated luminosity
is [ £ =300fb L.

intermediate state and therefore the dominating backgrpuocesses are the same as for the SM.
However, we saw that the signal cross section is enhancedarah to the SM. So in a first rough
estimate the prospects of measuring the triple Higgs cogpiok at least as good as in the SM or
even better.

4. Conclusion

It has been shown that in the Minimal Composite Higgs modesctoss sections for Higgs
pair production via gluon fusion and vector boson fusionesiganced compared to the SM whereas
the cross sections of the Higgs-strahlung process is sntla#la in the SM. The prospects of mea-
suring a non-vanishing triple Higgs coupling in the gluosifun process have been investigated.
For the Higgs bosons decaying inté™W-W* W~ andbbt 7 there are large regions in the pa-
rameter space where the triple Higgs coupling might pogdibl measured with an accuracy of
50.
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Figure7: Asin Fig. 6, but for MCHM;
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